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Characterization of Viable 
and Nonviable Myocardium at 
MR Imaging: Comparison of 
Gadolinium-based 
Extracellular and Blood Pool 
Contrast Materials versus 
Manganese-based Contrast 
Materials in a Rat Myocardial 
Infarction Model 1 



PURPOSE: To determine the contrast agent behavior of gadolinium-based (extra- 
cellular and albumin-binding) and manganese-based contrast media for late-en- 
hancement imaging of myocardial infarction. 

MATERIALS AND METHODS: Coronary ligation was performed in 30 rats, and 
they were serially imaged with segmented inversion-recovery gradient-echo mag- 
netic resonance (MR) imaging (repetition time msec/echo time msec/inversion time 
msec [fixed], 5.2/2.5/430; flip angle, 15°) during 1 hour after administration of 
contrast media by using a 1.5-T MR unit. Serial measurements of the longitudinal 
relaxation were performed by using the Look-Locker approach (repetition time 
msec/echo time msec, 1,000/3.5; flip angle, 10°). Detection and size of infarction 
were evaluated at each time point and compared with end-point histologic findings. 

RESULTS: For ail manganese-based media, the contrast agent cleared from the 
blood pool rapidly. Manganese-based contrast media allowed precise labeling of 
viable cardiomyocytes within 30 minutes, and the labeling persisted for at least 1 
hour. Accumulation of gadoversetamide in the infarct area was apparent after 5 
minutes, and the peak contrast-to-noise ratio (CNR) between infarct and myocar- 
dium was comparable to the peak CNR of manganese-based contrast agents. 
Extracellular gadopentetate dimeglumine provided excellent infarct detection but a 
small imaging window for precise sizing of the infarct if a fixed inversion time of 430 
msec was used. Albumin-binding gadolinium-based contrast media provided a 
longer imaging window, but infarct size was overestimated because of the nonspe- 
cific distribution of the unbound gadolinium agent. 

CONCLUSION: When extracellular gadolinium-based agents are used for infarct size 
measurement, imaging parameters and timing are important because the kinetics of 
both normal and irreversibly injured myocardium must be considered. Manganese- 
based agents are highly specific and less sensitive to timing for infarct size determina- 
tion, but further studies are required to determine if they are feasible for human use. 
° RSNA, 2003 



Myocardial infarct size, precise delineation of transmural extension, and detection of 
residual viability are critical parameters for individual risk stratification in the postinfarc- 



tion period (1), There is growing interest 
in the use of magnetic resonance (MR) 
imaging for infarct delineation in these 
circumstances. The late-enhancement 
method with extracellular MR imaging 
contrast media has been shown to provide 
an excellent means for differentiation of 
viable from nonviable myocardium (2-5). 
This method has the following advantage: 
Gadopentetate dimeglumine, an extracel- 
lular agent, accumulates in irreversibly 
damaged tissue, while it washes out of nor- 
mal myocardium; as a result, a time win- 
dow for Tl -weighted MR imaging of infarc- 
tion is provided. 

Extracellular contrast media, such as ga- 
dopentetate dimeglumine, diffuse into the 
enlarged accessible space through the dis- 
rupted plasma membranes of necrotic 
cells, but they also diffuse into areas of 
associated edema, which bears a potential 
risk to cause overestimation of the size of 
the infarct (6-8). Furthermore, it has also 
been shown that accurate determination 
of infarct size by means of delayed en- 
hancement requires specific timing after 
gadopentetate dimeglumine injection (9). 
These observations indicate that enhance- 
ment observed in myocardial infarction af- 
ter administration of gadopentetate dime- 
glumine is a dynamic process that is 
dependent on the distribution volume of 
the contrast agent (7). 

Other types of MR imaging contrast 
media, such as manganese-based agents, 
are of interest for infarct imaging since 
manganese is potent for Tl shortening 
and is taken up only in cells capable of 
active calcium transport, and thereby 
provides an analog to thallium imaging 
(10-12). Because manganese competes 
with calcium uptake, concerns about the 
potential for negative inotropic effects 
led to the evaluation ,of formulations of 
MnCl 2 dissolved in calcium gluconate for 
injection (13) and chelated manganese 
preparations, such as mangafodipir triso- 
dium (Teslascan; Nycomed Amersham, 
Princeton, NJ), which is already approved 
for imaging of the liver. 

A third possible approach is to use ga- 
dolinium-based media, such as MS-325 
(Epix Medical, Cambridge, Mass) and 
MP-2269 (Mallinckrodt, St Louis, Mo), 
that bind to albumin in the blood pool 
(approximately 80% binding) (14,15). 
They thus have a longer residence time in 
the blood pool, whereas the free compo- 
nent distributes in a similar manner as 
extracellular media (16,17). 

The purpose of this study was to deter- 
mine the contrast agent behavior of gad- 
olinium-based (extracellular and albu- 
min-binding) and of manganese-based 



contrast media for late-enhancement im- 
aging of myocardial infarction and to as- 
sess the utility of these contrast media for 
infarct detection and infarct sizing. 

MATERIALS AND METHODS 

Experimental Protocol 

Animal protocols were approved by 
the Animal Studies Committee at Wash- 
ington University, St Louis, Mo. In 35 
mature male Sprague-Dawley rats (Har- 
lan Bioproducts, Indianapolis, Ind) that 
weighed 326 g ± 20 (SD), ligation of the 
left anterior descending artery was per- 
formed to create myocardial infarction in 
the anterior and lateral wall of the left 
ventricle. A 3-4-mm permanent suture 
was placed through the left ventricle at 
the level of the left atrium. Five animals 
died during or after surgery, and 30 ani- 
mals remained. 

One week following surgery, rats 
were randomized to one of five groups 
(rt = 6 in each group) and were imaged 
with a 1.5-T clinical imaging unit (Gy- 
roscan NT; Philips Medical Systems, 
Best, the Netherlands) with a custom 
surface coil (3 cm in diameter). Differ- 
ent groups of animals were used, rather 
than serial imaging with each contrast 
agent in each animal, to study infarc- 
tion at the same time point (1 week). 
Since infarcted areas undergo rapid 
changes in the first weeks, we thought 
this was more important than attempt- 
ing to account for washout kinetics for 
each agent in the same animal. The an- 
imals were anesthetized by means of a 
nose cone with isoflurane at a 1.5%- 
2.0% volume mixed with 0 2 at a rate of 
2 L/min to minimally affect contractil- 
ity and to minimize arrhythmias. Elec- 
trocardiographic leads were attached 
for monitoring and triggering of image 
acquisition. A catheter was placed into 
the tail vein for administration of con- 
trast media. 

MR Imaging Contrast Media 

All contrast media used in this study were 
synthesized by a manufacturer (Mallinck- 
rodt, St Louis, Mo). Varying doses were 
selected to be consistent with those in 
previous studies in the literature. Two ga- 
dolinium-based and three manganese- 
based contrast media were used: gadover- 
setamide (OptiMARK; Mallinckrodt) was 
used as a nonspecific gadolinium-based 
agent at a dose of 100 jimol per kilogram 
of body weight, the standard clinical 
dose for approved extracellular MR con- 
trast agents. MP-2269, an albumin-bind- 



ing gadolinium-based blood pool agent, 
was injected at a dose of 30 jxmol/kg (14), 
which was similar to the practical dose 
for the analogous agent used in clinical 
trials (15). 

The following three manganese-based 
media were used: MnCl 2 (dose, 15 jxmol/ 
kg); a MnCl 2 /Ca mixture (dose, 15 jxmol/ 
kg), with a manganese-calcium ratio of 1:8; 
and Mn[EDTA-bis(aminopropanediol)], 
henceforth designated MP-680 (Mallinck- 
rodt) (dose, 45 u.mol/kg) (18), a weakly 
chelated manganese complex. In compar- 
ison with the free manganese sources, a 
threefold higher dose of MP-680 was used 
in this study to permit faster contrast evo- 
lution, as was previously demonstrated for 
mangafodipir trisodium, an approved 
weak manganese complex (11,19). A bolus 
injection was used for the gadolinium- 
based media, whereas manganese-based 
media were injected over a period of 60 
seconds to avoid potential cardiotoxic ef- 
fects associated with bolus administration 
(20). 

MR Imaging Protocol 

Infarct imaging was performed at base- 
line and at 5, 10, 15, 20, 30, 45, and 60 
minutes after injection of contrast mate- 
rial with electrocardiogram-triggered seg- 
mented inversion-recovery gradient-echo 
MR imaging (repetition time msec/echo 
time msec, 5.2/2.5; flip angle, 15°; pixel 
size, 0.7 x 0.7 x 2 mm; short axis sec- 
tions, 1-3) (21). For comparison between 
groups the inversion time was set to 430 
msec, with central k-space profiles ac- 
quired first. Each section was acquired 
during 100 heartbeats (turbo fast-echo 
shots, five; number of signals acquired, 
20), with a heart rate in the animals be- 
tween 300 and 350 beats per minute. Gel 
phantoms with a known Tl (Tl = 156 ± 
5 msec and 612 ± 9 msec) were included 
as a reference. 

Serial measurements of the longitudi- 
nal relaxation of myocardium and liver 
were performed at baseline and during 
longer MR imaging (1,000/3.5; flip angle, 
10°; pixel size, 0.75 x 0.75 x 3 mm) 
intervals with the Look-Locker approach 
starting from 20 minutes after contrast 
agent administration (7). 

MR Image Analysis 

Inversion-recovery gradient-echo im- 
ages were analyzed in two ways: (a) Sig- 
nal-to-noise ratio and contrast-to-noise 
ratio (CNR) were calculated by measuring 
signal intensities in regions of interest 
that were 5-15 mm 2 at various time 
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TABLE 1 

Longitudinal Relaxation Times of Normal Myocardium and Liver before and 
after Injection of Gadolinium- and Manganese-based MR Imaging 
Contrast Media 



Longitudinal Relaxation Time (msec) 

Time from — . 

Injection MnCI 2 * MnCI 2 /Ca* MP-680t Gadoversetamide* MP-22695 



Myocardium 



Precontrast 


872 




39 


870 




25 


881 




51 


850 


± 


36 


867 




40 


25 min 


403 




11 


703 




32 


538 




31 


697 




29 


520 




17 


35 min 


410 




17 


647 




35 


490 




29 


703 




31 


560 




21 


50 min 


423 




20 


623 




27 


468 




23 


803 




28 


610 




12 


65 min 
ver 

Precontrast 


420 




10 


640 




20 


473 




24 


827 




26 


650 




13 


583 




48 


577 




42 


585 




34 


580 




26 


573 


± 


31 


25 min 


140 


± 


36 


203 




15 


115 




31 


517 




32 


322 




13 


35 min 


157 




29 


230 




20 


109 




28 


557 


■+■ 


31 


347 




25 


50 min 


170 




17 


250 




36 


115 




24 


570 




44 


373 


-+- 


16 


65 min 


183 




15 


251 




45 


125 


± 


11 


575 


± 


27 


420 




21 



Note. — Data are the means ± SDs. 

* The dose was 1 5 (xmol/kg. 
t The dose was 45 n-mol/kg. 

* The dose was 1 00 ^mol/kg. 
§ The dose was 30 u.mol/kg. 



points (22). Regions of interest were 
placed by one reader (S.F.) in the remote 
myocardium within the left ventricular 
septum, in the left ventricular cavity, in 
the infarct area, and in the background 
ventral to the rat on each image, (b) In- 
farct size was measured with agreement 
of two readers (S.F., C.H.L.) by means of 
manual tracing of the borders of the en- 
tire myocardium and also of the hyper- 
intense myocardium on each section at 
all time points by using software (MASS; 
Medis, Leiden, the Netherlands). For the 
gadolinium-based contrast agents, the 
hyperintense myocardium was consid- 
ered to represent the infarct, whereas for 
manganese-based media the infarct was 
considered to be the nonenhanced dark 
myocardium. Because the borders be- 
tween hyperintense areas and nonen- 
hanced areas were so distinct (high con- 
trast over near signal void), we did not 
consider using a semiautomated image 
analysis scheme to further assess infarct 
size. Infarct size was calculated as the per- 
centage of the left ventricular area in 
each section. 

From the images obtained with the 
Look-Locker approach, signal intensity 
time curves were generated for sectors 
of remote myocardium and a region of 
interest of 15-20 mm 2 placed in the liver, 
and the curves were fit to the predicted 
longitudinal magnetization curves of 
these images to determine Tl (7). The 
speed of washout for the myocardium 
and for the liver was determined by fit- 
ting a single exponential curve to the 



AR1 versus time data, where AR1 was cal- 
culated as 1/T1 - l/Tl precontrast . 

Postmortem Measurements 

Following the imaging period of ap- 
proximately 90 minutes, the animals 
were sacrificed. The hearts were excised 
and sliced into 2-mm-thick sections 
corresponding to the sections on MR 
images. Hematoxylin-eosin stains of 
the sections from the excised hearts 
were digitized, and the infarct size for 
each section was calculated as a per- 
centage of the left ventricular area by 
using image-editing software (Adobe 
Photoshop; Adobe Systems, Palo Alto, 
Calif)- Infarct area and the left ventric- 
ular myocardium were manually traced 
on the two sides of each section, and 
the arithmetic mean was calculated. 
Results were converted from pixels 
squared to millimeters squared to allow 
section-by-section comparison of the 
end-point histologic findings with the 
corresponding MR images. 

Statistical Methods 

Data were presented as means ± SDs. 
Measurements were compared between 
groups by using a one-way analysis of 
variance and the Scheffe post hoc test. 
Increase of CNR compared with the 
baseline value was assessed with a 
paired-sample Student r test. Bland-Alt- 
man analysis was used to determine 
agreement between MR imaging find- 
ings and histomorphometry. All statis- 



tical tests were two tailed, and a P value 
of .05 or less was considered to indicate 
a statistically significant difference. 

RESULTS 

Kinetics of Manganese- and 
Gadolinium-based Contrast Media 

With all three manganese-based me- 
dia, the Tl of normal myocardium and 
liver was reduced (Table 1). The peak 
reduction of Tl in the myocardium 
with MnCl 2 was observed 23 minutes 
after contrast material injection. With 
the other two media, a peak reduction 
of Tl at the end of the observation time 
of approximately 1 hour (Fig 1) oc- 
curred as a result of competition for 
tissue uptake from calcium (ie, from 
MnCl 2 /Ca) or a slow dissociation of 
manganese (ie, from MP-680). The peak 
AQ/Tl) of MnCl 2 (1.33 sec" 1 ± 0.03) 
and of the triple-dosed MP-680 (1.00 
sec -1 ± 0.07) in the normal myocar- 
dium was significantly higher than that 
of MnCl 2 /Ca (0.46 sec" 1 ± 0.05, P < 
.05). There was no noticeable washout 
of these contrast media during the 60 
minutes of imaging time (estimated 
half -life in the myocardium, >1 hour). 

At the time the first Tl measurements 
were determined, approximately 20 min- 
utes after injection of the contrast agents 
gadoversetamide and MP-2269, the bulk 
of the gadolinium-based contrast agents 
had already washed out of the myocar- 
dium and liver, with similar kinetics for 
both tissues (Fig 1, Table 1). Therefore, 
we were unable to determine the peak Tl 
reduction for both agents. The half -life in 
myocardium in rats was 15 minutes ± 4 
for gadoversetamide compared with 44 
minutes ± 7 for the albumin-binding 
agent MP-2269. 

The gel phantoms were repetitively im- 
aged in all measurements determined 
with the Look-Locker approach, and the 
longitudinal relaxation times of the 
phantom were determined to be 156 
msec ± 5 and 612 msec ± 9. 

Contrast Agent Behavior on 
Late-Enhancement Images 

On baseline images, there was no dif- 
ference in the CNR calculated for viable 
myocardium and that calculated for the 
infarct for all contrast media (r ^ -.323, 
P - .751). The CNRs calculated" during 
the imaging time are shown in Figures 2 
and 3, and the peak CNR for all agents is 
included in Table 2. 

For all manganese-based contrast me- 
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Figure 1. Graph shows Tl calculated as 1/T1 - 1/Tl p 



for (a) myocardium and (b) liver at various time points for gadolinium- and 



manganese-based MR imaging contrast agents. All three manganese-based contrast media reduced the Tl values of normal myocardium and liver. 
The peak reduction of Tl in the myocardium for MnCl 2 (■) was observed 23 minutes after contrast agent injection, whereas the slower manganese 
release of MnCl 2 /Ca (•) and MP-680 (▲) resulted in peak reduction of Tl at the end of the observation time. At the time the first Tl measurements 
were performed, approximately 20 minutes after injection of the contrast agents gadoversetamide (A) and MP-2269 (□), the bulk of the 
gadolinium-based agents had already washed out of the myocardium and liver, with similar kinetics for both tissues. 
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Figure 2. Graph shows CNR between (a) viable myocardium and blood and between (b) normal myocardium and infarct on inversion- recovery 
late-enhancement images with a fixed inversion time of 430 msec for the five groups of animals. For all manganese-based media, the contrast agent 
cleared from the blood pool rapidly. CNR ratios between viable myocardium and infarct were observed to have plateaued for MnCl 2 (■) 
approximately 30 minutes after injection and for MP-680 (♦) and MnCl 2 /Ca (•) approximately 1 hour after injection. Gadoversetamide (A), the 
extracellular agent, washed out of the blood rapidly, whereas MP-2269 (□) persisted in the blood pool for the duration of the imaging. Accumulation 
of gadoversetamide in the infarct area was apparent after 5 minutes, which led to a peak CNR between infarct and myocardium comparable with 
the peak CNR of manganese-based agents. 



dia, the contrast agent cleared from the 
blood pool rapidly. Uptake of the con- 
trast media in myocardium was appar- 
ent at 5 minutes with MnCl 2 and MP- 
680 and at 10 minutes with MnCl 2 /Ca, 
and a significant improvement of CNR 
was calculated for myocardium and 
blood, compared with the baseline CNR 
(P < .05) (Fig 3). A significant increase 
in CNR for normal myocardium and an 
infarct was observed at 5 minutes with 
MnCl 2 , at 15 minutes with MP-680, and 
at 20 minutes with MnCl 2 /Ca (P < .05), 
compared with the baseline CNR. CNRs 
for viable myocardium and an infarct 



were observed to have plateaued with 
MnCl 2 approximately 30 minutes after 
contrast agent injection, whereas CNRs 
with MP-680 and MnCl 2 /Ca showed a 
persistent signal intensity increase in via- 
ble myocardium throughout the imaging 
time, and the CNR with MnCl 2 /Ca pla- 
teaued approximately 1 hour after con- 
trast agent injection (Fig 2b). 

Gadoversetamide, the extracellular 
agent, washed out of the blood rapidly, 
while MP-2269 persisted in the blood pool 
for the duration of the imaging. Accumu- 
lation of gadoversetamide in the infarct 
area was apparent after 5 minutes, and the 



peak CNR between infarct and myocar- 
dium was comparable with the peak CNR 
of manganese-based agents (Table 2). At 30 
minutes, the agent had already largely 
washed out of the infarcted area (Fig 3). 
Compared with the baseline value, a signif- 
icantly increased (P < .05) and relatively 
constant CNR between viable myocardium 
and an infarct was observed for the blood 
pool agent MP-2269 from the 15-minute 
time point throughout the remainder of 
the experiment. Since the blood pool also 
remained enhanced, there was relatively 
poor contrast between the infarct and the 
blood pool (Fig 3). 
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MnCI 2 MnCI 2 /Ca MP-680 Gd-DTPA-BMEA MP-2269 




Figure 3. Late-enhancement MR images (5.2/2.5; flip angle, 15°) obtained with various contrast agents. Sample images at various time points from 
injection of the contrast media from each group of animals are displayed in columns. In the three columns at left, images obtained with the three 
manganese-based contrast agents show the viable myocardium as bright, whereas the infarct has no contrast enhancement. In the two columns at 
right, images obtained with both gadolinium-based contrast agents show the infarct as bright. At 15 minutes after injection, the infarcted 
myocardium (arrows) can be seen in all groups. Specimens of the corresponding histologic sections stained with hematoxylin-eosin are displayed 
in the last row. The infarct can be seen at low magnification (X5) due to the wall thinning at the poorly stained region (arrowheads). Gd-DTPA 
BMEA = gadoversetamide. 
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Figure 4. Graph shows estimation of infarct size by using late- 
enhancement MR imaging findings compared with histologic find- 
ings. The relative misestimation was calculated with a section-by- 
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TABLE 2 

Mean Peak CNR between Viable Myocardium and Infarct for the Five Croups 
of Animals on Inversion-Recovery Late-Enhancement Images 



Contrast Agent 

CNR Data MnCI 2 MnCI 2 /Ca MP-680 Gadoversetamide MP-2269 

Time of peak CNR after 

injection (min) 60 45 60 5 60 

Peak CNR (arbitrary unit)* 313 ± 18.8 12.5 ± 3.4 23.9 ± 4.3 17.5 ± 3.0 6.1 ± 2.5 

* Data are the means ± SDs. 



Infarct Delineation with 
Manganese- and Gadolinium-based 
Contrast Media 

Sample images obtained with each con- 
trast agent are shown in Figure 3. In three 
animals, histologic findings indicated no 
myocardial infarct. In another two ani- 
mals, a small infarct was limited to the 
apex of the heart that was not sufficiently 
covered by the short-axis images of this 
study, and 25 animals remained for analy- 
sis of infarct size. Thus, in six of 25 animals, 
MnCl 2 was used; in five, MP-680 was used; 
in five, MnCl 2 /Ca was used; in four, ga- 
doversetamide was used; and in five, MP- 
2269 was used. The mean infarct size was 
23% ± 14.4 of the left ventricular area in 
each section, and there was no difference 
in infarct size among the five groups of 
animals (P = .451). Heterogeneity in in- 
farct size in this model was as expected 
(9,11). There was good agreement between 
histologic findings and MR imaging find- 
ings with manganese-based contrast media 
(Fig 4). With respect to infarct size, the 
observed variability for all three manga- 
nese-based contrast media was small (ap- 
proximately 10%) compared with the in- 
farct size determined by using histologic 
findings. Earliest detection of myocardial 
infarction was possible 10 minutes after 
injection of MnCl 2 and 15-20 minutes af- 
ter injection of MP-680 and MnCl 2 /Ca. 

Five minutes after injection of gadover- 
setamide, the area of bright myocardium 
was approximately 24% ± 3 larger than 
the infarct area determined by using histo- 
logic findings. At 10 minutes after injec- 
tion, there was good agreement between 
the areas of hyperintensity on late-en- 
hancement images and the infarct size. 
With continuing washout of gadoverset- 
amide, the bright area on late-enhance- 
ment images was smaller, and this finding 
led to an underestimation of infarct size 
(Figs 3, 4). 

The blood pool agent MP-2269 allowed 
discrimination of the infarct area 10 min- 
utes after injection (Fig 4). The size of the 
infarct was overestimated (range, 8%-15%, 
compared with size determined with histo- 
logic findings) during the entire imaging 
period. Infarct delineation was compli- 
cated at the end of the imaging period be- 
cause the remaining contrast agent in the 
blood pool led to a higher SD of the mea- 
sured infarct size at MR imaging. 

DISCUSSION 

Findings of This Study 

In this study, contrast agent behavior 
of three different classes of MR imaging 



contrast media was directly compared by 
using the late-enhancement imaging 
technique (2,21) at a field strength suited 
for human cardiac MR imaging. The ma- 
jor findings of this study were the follow- 
ing: Manganese-based contrast media 
with a slow manganese release allow la- 
beling of viable cardiomyocytes with 
good and fairly constant contrast approx- 
imately 30 minutes after administration. 
Extracellular gadolinium-based contrast 
media provide excellent contrast be- 
tween viable myocardium and an infarc- 
tion, but infarct size may be overestimated 
early after injection. Albumin-binding ga- 
dolinium-based contrast media provide a 
longer imaging window for infarct delin- 
eation; however, CNRs are smaller and 
infarct size is overestimated likely be- 
cause of the nonspecific distribution of 
the unbound gadolinium-based agent. 

Manganese-based Agents 

Manganese 52m and manganese 54 
have been shown to be promising tracers 
for cardiac scintigraphic tomography, 
and the Mn 2+ cation was also explored 
for cardiac imaging with MR imaging 
(12,23). Because manganese is a compet- 
itive antagonist at the voltage-dependent 
Ca 2+ channel, cardiac toxicity is a major 



concern. Reduction of myocardial con- 
tractility induced by manganese in per- 
fused hearts can be reversed if manganese 
is removed from the perfusate (24). Sim- 
ilarly, chemical preparations with a 
slower release of the cation, such as man- 
gafodipir trisodium, which is approved 
for clinical imaging of the liver, have a 
lesser effect on cardiac performance. MP- 
680 and MnCl 2 /Ca are two formulations 
with an intended lower cardiac toxicity. 

Wendland and co-workers (19) mea- 
sured a A(1/T1) for MnCl 2 of 2.5 sec -1 ± 
0.3 at a dose of 25 jimol/kg at 2 T, which 
is in good agreement with the peak A(l/ 
Tl) of 1.33 sec -1 ± 0.03 for MnCl 2 at a 
dose of 15 ptmol/kg determined in this 
study. The A(1/T1) for the weakly che- 
lated preparation MP-680 at the three- 
fold dose of 45 ^mol/kg was slightly 
lower than the values reported for man- 
gafodipir trisodium at a dose of 50 
nmol/kg(ll). 

The slower increase of the CNR be- 
tween myocardium and blood with MP- 
680 reflects the longer persistence of the 
bound manganese in the blood pool. 
Both manganese-based agents, MP-680 
and MnCl 2 /Ca, with intended lower car- 
diac toxicity precisely delineated viable 
myocardium, but with the MnCl 2 /Ca 
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preparation used in this study, the CNR 
was lower, which is likely caused by a 
lower availability of Mn 2+ due to the 
large free calcium content. 

Extracellular Gadolinium-based 
Contrast Media 

The loss of cellular integrity and the 
tissue reparation that follows it has a pro- 
found influence on the distribution of 
extracellular MR imaging contrast media, 
as demonstrated by findings in recent 
clinical studies (2-5,25). In these studies, 
enhancement patterns of infarcted myo- 
cardium were associated with not only 
myocardial necrosis but also edema and 
scar formation. At peak CNR early after 
contrast agent injection, the extracellular 
agent may distribute in not only the in- 
farct but also the surrounding area of 
edema, which results in an overestima- 
tion of the infarct size (8). Later after 
contrast agent injection, the size of en- 
hancement matched the infarct size mea- 
sured by using histologic findings. This 
matching of sizes may be attributed to 
the washout of the extracellular agent 
from the rim of the injured area where 
edema is the predominant factor of in- 
crease in distribution volume (4). With 
continuing observation time, further 
washout of the agent led to an underes- 
timation of infarct size, which yielded a 
relatively short window for precise delin- 
eation of infarct size. 

The time dependence of enhancement 
patterns observed in this study are in 
agreement with observations of Oshinski 
and co-workers (9) who found the best 
match between true infarct and late en- 
hancement approximately 16 minutes af- 
ter injection of gadopentetate dimeglu- 
mine in a rat infarct model. The length of 
the imaging window for the best match 
between infarct and the observed late- 
enhancement pattern related to not only 
the amount of injected contrast agent 
but also the circulation time. The find- 
ings of this study by using a dose of 0.1 
mmol gadoversetamide in a rat model 
with a myocardial distribution half-life of 
approximately 15 minutes cannot be di- 
rectly translated to human studies. 

Albumin-binding Gadolinium-based 
Agents 

The albumin-binding gadolinium- 
based agent MP-2269 had a longer imag- 
ing window for infarct delineation than 
the extracellular agent because of the 
longer persistence in the blood and the 
myocardium. The half-life in myocar- 



dium of 45 minutes is in good agreement 
with that in previous reports in which 
the blood half-life in rabbits was approx- 
imately 60 minutes (14). The relatively 
low CNR of the infarct area and myocar- 
dium and the slight overestimation of 
infarct size may be attributed to an un- 
specific distribution of the unbound gad- 
olinium chelate, since no conclusive 
findings suggest a specific binding of the 
agent to necrotic tissue (26). With the 
persistent enhancement of the blood 
pool, visualization of smaller subendo- 
cardial infarcts may cause problems. 

Study Limitations 

Tl -weighted MR imaging after admin- 
istration of contrast material has been 
used for more than a decade, but recent 
technical advances have dramatically im- 
proved image quality (21). In the present 
study, a similar sequence was used. How- 
ever, for the purpose of comparison, the 
inversion delay was set to a fixed value 
for all acquisitions and was not adjusted 
to register postcontrast images, with the 
signal intensity of normal myocardium 
set to null. The delay was chosen to allow 
both sufficient suppression of normal 
myocardium if gadolinium-based media 
were used and sufficient signal recovery 
of normal myocardium if manganese- 
based media were used. 

The inversion time was set to 430 msec, 
because the longitudinal relaxation times 
of myocardium after contrast agent injec- 
tion were not known before this study was 
performed. This may have introduced a 
bias, because CNRs with MnCl 2 /Ca at the 
end of the observation time were measured 
close to the zero crossing of the myocar- 
dium, and calculation of the peak contrast 
was performed with incomplete suppres- 
sion of viable myocardium or infarct. In 
future studies, the use of a phase-sensitive 
segmented inversion-recovery technique 
to avoid bounced-point ambiguity in late- 
enhancement images may help to over- 
come difficulties in interpretation of inver- 
sion-recovery images in similar settings 
where the precise contrast agent behavior 
is not known beforehand (27). 

Performance of small studies in ani- 
mals with a 1.5-T clinical MR imaging 
unit has the advantage that the tech- 
niques for imaging can be directly trans- 
ferred to human studies. On the other 
hand, the relatively low spatial resolu- 
tion of the images limits the measure- 
ment accuracy for both CNR and infarct 
size determination. Similarly, the resolu- 
tion of the Look-Locker sequence was too 
low to allow measurement of Tl in 



smaller infarcts. It is worth noting that 
the uptake time courses of the agents 
used may differ in humans, and intervals 
are likely to be scaled up. However, the 
relative magnitudes between the contrast 
of the infarct and normal contrast will be 
identical. 

In summary, extracellular gadolinium- 
based contrast media provide excellent 
infarct detection but a small imaging 
window for precise infarct sizing, com- 
pared with both albumin-binding gado- 
linium- and manganese-based contrast 
media. If the safety profile of manganese- 
based media is acceptable for human 
studies, these agents may offer additional 
benefits since they specifically enhance 
viable myocardium, and the longer 
washout rate provides a greater window 
for imaging myocardial infarcts. The ex- 
tent of the observed effects, however, re- 
mains to be validated in other species. 

Practical application: If imaging with 
contrast media with a slow manganese 
release is performed 30 minutes or later 
after contrast agent injection, there is a 
fairly constant contrast between viable 
and infarcted myocardium that allows 
one to keep the imaging parameters con- 
stant over a longer time. Furthermore, 
the enhancement seen with such mark- 
ers of viable myocardium is more spe- 
cific, since the extent of surrounding 
edema, which is not known a priori, will 
not influence the distribution of the con- 
trast agent. 

Several unusual applications can be 
foreseen in which the inherent high spa- 
tial resolution of MR imaging can be 
combined with specific markers of viable 
myocardium. For example, differential 
contrast enhancements of manganese- 
and gadolinium-based contrast agents 
depicted in this study may be used for 
imaging the periinfarction zone or for 
excluding infarction in case of myocardi- 
tis. Additionally, manganese-based con- 
trast agents could potentially be used in 
monitoring new growth of heart tissue 
after transplantation of stem cells. 
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